Abstract-In this paper, we design and implement a low profile frequency reconfigurable Planar Inverted-F Antenna (PIFA) for WLAN, m-WiMAX and UMTS applications. Different from several conventional designs, the air layer in our antenna is removed, while the radiator patches and the ground plane are printed on two sides of the same substrate. This makes the antenna structure thin and lightweight. The defected ground structure (DGS) and coplanar sorting-trips are also designed for adjusting lower operating frequencies without increasing the antenna's size. Three PIN-diodes are used in appropriate positions for accurate switches between frequency bands. Moreover, the three radiator patches' parameters are optimally selected on all configurations using Genetic Algorithm (GA). Simulation results show that depending on the ON/OFF states of the PIN-diodes, the antenna can operate in three applicable frequency bands, i.e., 2.1 GHz, 2.4 GHz, and 3.5 GHz with the corresponding peak gains of 0.48 dBi, 3.55 dBi, and 4.33 dBi. The antenna occupies an overall size of 63.5×33.5×1.6 mm 3 , which can be easily fabricated and integrated into small wireless devices. Simulated and measured results are also compared to validate the correctness of the antenna design.
Introduction
The rapid development of wireless technologies requires communication equipments to be small, compatible and multi-functional. They need to be applicable with different communication standards, such as wireless local area network (WLAN), mobile worldwide interoperability for microwave access (m-WiMAX) etc... In order to meet these requirements, the devices' antennas are expected to be multi-band or frequency reconfigurable [1, 2] . In addition, the devices need to be compact and capable of a flexible frequency conversion. Among existing solutions, frequency reconfigurable antenna design has attracted much attention recently [3] .
Nowadays, the planar inverted F-antenna (PIFA) is widely implemented in wireless communication thanks to its simplicity, low cost, and low profile [4] [5] [6] . The antenna is also investigated in the literature of frequency reconfigurable design. In [7] , a PIN-diode and a tunable varactor are implement simple antenna with the size of 70 × 30 × 9 mm 3 . By switching the PINdiode and turning the varactor, the antenna can operate on frequency bands of United States personal communications services (USPCS), WLAN, wideband code division multiple access (WCDMA), and m-WiMAX with gains of 2.84, 1.49, 2.81, and 1.25 dBi, respectively. In [8] , the proposed multi-layer antenna occupies a size of 179 × 155 × 9.5 mm 3 . The antenna uses 13 Radio Frequency MicroElectroMechanical Systems (RF MEMS) switches to achieve five bands of 0.221, 0.47, 0.62, 0.935, and 4.96 GHz. Another reconfigurable PIFA antenna with 8 shapes is reported in [9] , which occupies an overall size of 40 × 40 × 3 mm 3 . The antenna can be switched between two frequency bands of 2 GHz-3 GHz and 4 GHz-7 GHz. Nevertheless, the structures of all above designs are on stacks so that there always exist an air layer between the radiator and the ground plane connected by shorting walls or shorting pins. As a result, these antennas might result in a high profile with a thickness of over 3 mm, which might not suitable for nowadays modern mobile devices.
To cope with the high profile, several works have been carried out. In particular, in order to remove the air layer, the ground plate and radiation patches are set to be coplanar as described in [10] and [11] with overall sizes of 80 × 40 × 1.6 mm 3 and 110 × 60 × 1.6 mm 3 , respectively. In another case, a design in [12] with a uniplanar structure is printed on a substrate, and has a size of 115 × 40 × 1.6 mm 3 . These antennas are shown to have advantages in term of the antenna size in comparison with conventional works. Nevertheless, in the design process, antenna parameters are usually selected in a heuristic manner without any optimization approaches. Because of this reason, we believe that these antennas' overall size could not have been further optimized.
The optimization of the reconfigurable antenna parameters, in fact, have been mentioned in several articles 1859-378X-2017-1202 c 2017 REV [13] [14] [15] [16] [17] . In these works, the parameters are selected in each configuration separately thanks to different techniques such as Particle Swarm (PS) [13] , Neural Network [14] , Clonal Selection Algorithm (CSA) [15] and Genetic Algorithms (GA) [16, 17] . Nevertheless the optimization process should be taken into account on all configurations simultaneously. Therefore, it would be necessary and interesting to study the optimization process for all configurations simultaneously.
In this paper, based on the GA optimization technique, we design a new frequency reconfigurable PIFA antenna that is compact, easy to fabricate, and with enhanced bandwidth. The antenna can operate at wireless frequency bands of 2.1 GHz, 2.4 GHz, and 3.5 GHz. Three PIN-diodes are used to satisfy predefined reconfiguration requirements. The proposed antenna has a low profile with the overall size of 64.5 × 32.5 × 1.6 mm 3 , while the radiator plane only occupies a size of 33.5 × 18.5 mm 2 . It is important to note that this works is an extension of that in [18] with several design improvements to reduce the antenna size. First, the ground plane and the radiator patches are printed on both sides of a substrate in stead of only one side. Second, Defected Ground Structure (DGS) technique [19] is employed on the ground plane to achieve the design requirements more accurately. Simulated and measured results are also compared to validate the correctness of our work.
The rest of this paper is organized as follows. Section 2 presents fundamental issues related to the antenna design process. In Section 3, measurements and simulation results from our design are reported and discussed. Section 4 concludes our work.
2 Design of Reconfigurable PIFA Atenna
Theory of PIFA
Planar inverted-F antenna is a modification of the monopole antenna and the microstrip patch antenna, as shown in Figure 1 . PIFA includes a radiator plane placed in parallel with a ground plane. A short circuit connects the radiator plane to the ground plane, and an antenna feeding mechanism for radiator patch. The fundamental mode resonant frequency for PIFA is given by [20] :
where c is the speed of light in free space, wst is the width of the shorting wall, wp and hp are dimensions of the radiator plane, h is the thickness of the dielectric substrate and ε e f f is the effective permittivity of the medium between radiator plane and ground plane. The effective permittivity (ε e f f ) is approximated by:
where ε r is the relative permittivity of the substrate material.
From (1) and (2), the operating frequency of the PIFA is affected by the dimensions of the radiation plate, as well as the thickness of the substrate and width of the shorting wall. Impedance bandwidth and gain of PIFA are certainly impacted by substrate's properties [21] . Generally, antennas use thin and high ε r substrates, which results in low gain and narrow bandwidth. Thus, these issues will directly affect the design of our proposed antenna.
Geometric of reconfigurable antenna
The base configuration 3-D model of the proposed antenna is depicted in Figure 2 (a). The antenna consists of three layers: radiating patches, dielectric substrate, and ground plane. The radiating patches (W p × H p) and the ground plane (Wg × Hg) are printed on both side of the dielectric substrate. The radiating patches include three parts: the main radiating element plate (P1) and two additional radiating elements (P2, P3), as exhibited in Figure 2 (b). In Figure 2 (c), two cylindrical shorting pins (radius 0.5mm) connect two additional radiators to the ground plane through a via-hole in the substrate. Similar, there is a feed gap cylinder of radius 0.5 mm between the main radiating element and the ground plane. The antenna is fed by a 50 Ω SMA connector. The outer shield of the SMA connector is soldered to the surface of the ground plane. The DGS ground plane is represented in Figure 2 In the design of the propose frequency reconfigurable antenna, we decide to use the FR4 dielectric substrate with thickness of 1.6 mm, relative permittivity ε r of 4.4 and a loss tangent of 0.02, because this is a low cost common material. In basic reconfiguration, the operating frequency is assumed to be the center frequency of the WLAN band at 2.4 GHz. For the conditions of the operating frequency and the characteristics of dielectric substrate, the initial dimensions of the antenna are calculated from the formula (1) and (2) . The proposed antenna's model is simulated using CST Microwave Studio.
As shown in Figure 2 (b), three PIN-diodes (D1, D2 and D3) are located on the radiating patches. The PINdiodes are used to connect P1 to P2 and P3. When the proposed reconfigurable antenna is active, without changes in the shape or dimension of the radiating patches, the switching ON/OFF states of the PIN-diodes can modify the operating frequency of the antenna. Depending on the state of the three PIN-diodes, the proposed antenna can operate in eight different configurations. However, there are only three configurations which are useful. The 1 st configuration, when three PIN-diodes are on state OFF, the antenna has only the primary P1, as an IFA antenna which operates at 2.4 GHz. The 2 nd configuration, when D1 is on state ON, D2 and D3 are both on state on OFF, this means the proposed antenna includes P1 and P2. Therefore, the proposed antenna becomes a PIFA antenna which operates at near 3.5 GHz. The 3 rd configuration, when all PIN-diodes are on state ON, the proposed antenna consists all radiating patches. Thus, the proposed antenna radiates at 2.1 GHz, this is the lowest resonance frequency due to the largest size of antenna. In this work, the PIN-diodes are Skyworks SMP1345-079LF, the equivalent circuits model is illustrated in Figure 3 . The circuit parameters are obtained from the datasheet where L S = 0.7 nH, R S = 1.5 Ω, R P = 10 kΩ, and C S = 1.8 pF. Two capacitors (C=33 pF) are used as DC block. These capacitors are set in suitable positions to ensure that the DC supply for each PIN-diode does not affect the others.
The defected ground structure
The DGS is an etched periodic or non-periodic configuration defect in a ground plane. The DGS employs fewer slots or slits to modify the current distribution on the ground plane. As the result, the proposed reconfigurable antenna using DGS reduces size, adjustable resonant frequency and increases bandwidth.
In this work, the study of the ground plane structure is implemented in the 1 st configuration of the proposed antenna. Figure 4 shows the two cases to study the ground plane structure. Case 1 described in Figure 4 (a), the initial ground plane is a uniform rectangular metal plate. Case 2 shown in Figure 4 (b), the ground plane uses DGS, two cut open-end meander shapes are added on both sides of the ground plane. The two cut slots near the position of the sorting pins create the two shorting-trips. The shorting-trips connect the shorting pin to the ground. The lengths of shorting-trips depend on the position of the sorting pins. It means that we can increase the height of the shorting pin without changing the height of the proposed antenna.
In the 1 st configuration (2.4 GHz), the antenna's operating frequencies for the different structure ground plane cases are represented in Figure 5(a) . The antenna using non-DGS (Case 1) operates at near 2.8 GHz with narrow bandwidth. Adding cut open-end meander shapes and slots (Case 2) have moved the resonant frequency downward to lower frequency, and also increase the bandwidth by approximately 10 times. Figure 5(b) shows the impact of the each case ground plane to total efficiency. The use of DGS has increased the performance of the antenna up to 98% compared with 60% while not using DGS.
When the proposed reconfigurable switches to 2 nd configuration, the antenna's operating frequency corresponding to the different ground plane structures are exhibited in Figure 6 . In this configuration, PINdiode D1 is on state ON, the P1 is connected to the P2, the proposed antenna is a PIFA antenna. As shown in Figure 6 , the proposed antenna without DGS (Case 1) operates at near 3.0 GHz. In Case 2 (DGS), due to the impact of the left slot, the antenna operating frequency is adjusted to 3.5 GHz. Figure 7 shows a current passing through the left sorting pin and flow along to the left slot. Consequently, the antenna's operating frequency is strongly influenced by the length of slot between sorting-trip and the ground plane. Figure 8 shows the dimension of the proposed reconfigurable antenna radiator patches's parameters. The 1 st configuration, 2 nd configuration and 3 rd configuration are assumed to operate at 2.4 GHz, 3.5 GHz, and 2.1 GHz, respectively. These frequencies are directly influenced by the 18 parameters of the radiator patches, and all of them need to be optimized. Also note that the proposed antenna has three configurations, most of the parameters can affect the performance of all configurations. Hence, the optimizing parameters cannot be performed separately on each configuration, and must be implemented concurrently with all configurations.
Optimal parameters
Compared to other optimization methods, the performance of the GA is not higher when all algorithms are allowed equal computation time [22] . However, the GA algorithm has a faster execution time while all algorithms using the same parameters setting and optimization problems [23] . On the other hand, the GA algorithm is well suited for antenna design [24] . Therefore, in this work, the GA is used to optimize the parameters. The GA is a stochastic search method which operates based on the mechanics of population genetics and selection [24] . As described in Figure 9 , the optimization GA model in this design is program by Visual Basic for Application language which embedded in to CST and summarized as follows:
Step 1: All 18 parameters are genes. Each parameter is encoded in the binary string. The chromosome is constructed from all the binary strings of parameters. After that, the initial population is created randomly. Determine a logical reason for the start of optimization. From there, identify parameter values for the chromosome.
Step 2: Depending on values of the decoded parameters, create 3-D structural of the proposed antenna and solve the model in CST software with each the antenna's configuration. CST returns values of |S 11 | correspond to the assumed frequency of each configuration (2.4 GHz, 3.5 GHz, and 2.1 GHz). The design goal is the configurations of the proposed antenna will operate respectively at 2.4, 3.5 and 2.1 GHz.
Step 3: GA can begin to perform optimally. The fitness function is used to assign a fitness value to each of the individuals in the GA population. The fitness value for each individual is calculated using the input reflection coefficient |S 11 | parameters from CST and the fitness function (3):
where N is the number of evaluated configurations, f i is the predetermined frequency of i th configuration, |S 11 | is the magnitude of the reflection coefficient at the i th frequency.
Step 4: Based on the individuals is optimized by step 3, the next generation is selected, crossover and mutation operators. This process is performed iterative until the fitness value is converges (Optimal) or a termination criteria is met.
After the implementation of the optimization of GA, the antenna's parameters are determined as shown in Table I . The ground plane is DGS with the position of the cut shapes based on the position of the two shorting pins. Therefore, the values of the radiator patches' parameters will determine the dimensions of the ground plane as exhibited in Figure 10 .
Surface current distribution
In the 1 st configuration, the proposed antenna operates with only the P1 radiator when all of the PIN-diodes are off. As shown in Figure 11 (a), the strong current distribute from the feed position to the right side of Tshape P1 radiator plate. This implies that the resonant length (h1-hf+wf+w4) is close to the quarter-wavelength of 2.4 GHz.
In the 2 nd configuration, D1 PIN-diode is on, the P1 radiator plate is connected to the P2 radiator plate. As seen from Figure 11 (b), the strong current distribution appears from the feed position to the location of the right shorting pin and ends at the top edge of the P2 radiator plate. There is also a current distribution from the feed position to the upper right edge of the P1 radiator plate. This demonstrates the form of current distribution is like a dipole. It is clearly observed that resonant length (h1+wf+w7-wpin1+h1-h3) is 42.8mm. This exhibits a resonant length of half-wavelength at 3.5 GHz. Fig. 11(c) shows the current distribution of the proposed antenna in the 3 rd configuration where all PINdiodes are on. The radiator patches are connected through three PIN-diodes. These connections make the current distributions exist at all of three radiator plates. Hence, the electrical length of the 3 rd configuration is longer than the 2 nd configuration. As a result, the operating frequency of the 2 nd configuration shifts to lower frequency and becomes 2.1 GHz. On the other hand, the maximum currents distribute at the feeding point and two shorting pins, and the null point is top stub position between the P1 and P2 radiator plates. That mean the 3 rd configuration has resonant length of a wave-length at 2.1 GHz.
Simulated and Measured Results
The three PIN-diodes (D1, D2 and D3) afford three possible and useful switching configurations. The CST studio software is used to conduct the simulation on the impedance bandwidth (-10 dB) of the propose antenna in three different configurations, as demonstrated in Fig. 12 Figure 12 . Simulated S11 response the three configurations of the proposed antenna. This exhibits a resonant length of half-wavelength at 3.5 GHz. Fig. 11(c) shows the current distribution of the proposed antenna in the 3 rd configuration where all PINdiodes are on. The radiator patches are connected through three PIN-diodes. These connections make the current distributions exist at all of three radiator plates. Hence, the electrical length of the 3 rd configuration is longer than the 2 nd configuration. As a result, the operating frequency of the 2 nd configuration shifts to lower frequency and becomes 2.1 GHz. On the other hand, the maximum currents distribute at the feeding point and two shorting pins, and the null point is top stub position between the P1 and P2 radiator plates. That mean the 3 rd configuration has resonant length of a wave-length at 2.1 GHz.
The three PIN-diodes (D1, D2 and D3) afford three possible and useful switching configurations. The CST studio software is used to conduct the simulation on the impedance bandwidth (-10 dB) of the propose antenna in three different configurations, as demonstrated in Fig. 12 . In the 1 st configuration, all PIN-diodes are OFF, only P1 radiator plate is functioning. The propose an- tenna operates at 2.4 GHz with impedance bandwidth (-10 dB) of 6.3%. Hence, the 1 st configuration is suitable for WLAN 2.4 GHz applications. When D1 PIN-diode is ON and the remaining PIN-diodes are OFF, the proposed antenna switches to the 2 nd configuration. In this configuration, the antenna becomes a PIFA antenna which operates at 3.5 GHz with impedance bandwidth of 5.4%. Accordingly, the m-WiMAX band is covered. In the 3 rd configuration, all of radiator plates are radiating, the antenna operating frequency is shifted to 2.1 GHz with impedance bandwidth of 2.4 %. This configuration can serve UTMC 2.1 GHz applications. All configurations of the proposed antenna have VSWR<2 at desired frequency bands. Table II summarizes the simulated results of the proposed frequency reconfigurable antenna. The antenna gain is 3.55 dBi, and the total efficiency is 98.3% in the 1 st configuration (2.4 GHz). When the proposed antenna changes to the 2 nd configuration, as the frequency increased, the highest gain is 4.33 dBi at 3.5 GHz with total efficiency of 96.3%. However, in 3 rd configuration, the obtained gain and total efficiency are the lowest at 0.48 dBi and 57%, respectively. The reason is as follows. When all PIN-diodes are on state ON, the loss of PINdiodes increases the loss of the antenna. On the other hand, the antenna structure presents a combination of folded loop-antenna and a PIFA which made the antenna has smaller radiation resistances than loss resistenna operates at 2.4 GHz with impedance bandwidth (-10 dB) of 6.3%. Hence, the 1 st configuration is suitable for WLAN 2.4 GHz applications. When D1 PIN-diode is ON and the remaining PIN-diodes are OFF, the proposed antenna switches to the 2 nd configuration. In this configuration, the antenna becomes a PIFA antenna which operates at 3.5 GHz with impedance bandwidth of 5.4%. Accordingly, the m-WiMAX band is covered. In the 3 rd configuration, all of radiator plates are radiating, the antenna operating frequency is shifted to 2.1 GHz with impedance bandwidth of 2.4 %. This configuration can serve UTMC 2.1 GHz applications. All configurations of the proposed antenna have VSWR<2 at desired frequency bands. Table II summarizes the simulated results of the proposed frequency reconfigurable antenna. The antenna gain is 3.55 dBi, and the total efficiency is 98.3% in the 1 st configuration (2.4 GHz). When the proposed antenna changes to the 2 nd configuration, as the frequency increased, the highest gain is 4.33 dBi at 3.5 GHz with total efficiency of 96.3%. However, in 3 rd configuration, the obtained gain and total efficiency are the lowest at 0.48 dBi and 57%, respectively. The reason is as follows. When all PIN-diodes are on state ON, the loss of PINdiodes increases the loss of the antenna. On the other hand, the antenna structure presents a combination of folded loop-antenna and a PIFA which made the an- tenna has smaller radiation resistances than loss resistances. These reasons significantly reduce efficiency and gain of the antenna. Fig. 13 shows simulated radiation patterns of the proposed reconfiguration antenna at 2.4, 3.5, and 2.1 GHz for the 1 st , 2 nd , and 3 rd configuration, respectively. The patterns are presented in the xy-and xz-planes according to Fig. 2(a) . We can see clearly that the radiation pattern in all planes are rather smooth half-wavelength dipole-like characteristics.
To validate the design results, a prototype of the proposed antenna with optimize geometrical parameters (shows in TABLE I) is manufactured and measured. As show in Figure 14 , the proposed reconfigurable PIFA antenna is fabricated on FR4 dielectric substrate with a permittivity of 4.4 and a dimension of 64.5 × 33.5 × 1.6mm 3 . The radiator patches have dimension of 39.5 × 18.5 × 0.035mm 3 . The input reflection coefficients |S 11 | in all configurations have been measured using Keysight PNA-X vector network analyzer. The state ON of the PIN-diodes is controlled by the DC bias, which is connected to the PIN-diodes with a forward voltage of 5V and a forward bias current of 10 mA. The measured and simulated reflection coefficient results are illustrated in Figure 15 for comparison. In the 1 st configuration, the measured impedance bandwidth (-10 dB) is approximately 7.4% (2.2-2.39 GHz). The measured impedance bandwidth is approximately 5.5% (3.37-3.56 GHz) in 2 nd configuration. When the proposed antenna operates in 3 rd , the measured impedance bandwidth is 2.7% (2.031-2.104 GHz). There are slightly discrepancies between the simulated and measured results, which could be attributed to the accuracy of fabrication, the effect of material and the quality of PIN-diodes.
It is noted in our proposed antenna structure that by using DGS and optimal antenna parameters, the overall dimension of the proposed antenna occupies a 66% smaller volume in comparison with our previously work [18] . More specifically, our antenna structure has a total size of 64.5 × 33.5 × 1.6mm 3 , while that in [18] is 42.5 × 80 × 3mm 3 . The use of DGS also increases the impedance bandwidth of the antenna. The antenna proposed in [18] operates at 2.4 GHz and 3.5 GHz with the bandwidth of 2.6% and 2.1%, respectively. In this study, the impedance bandwidth at 2.4 GHz and 3.5 GHz reaches 6.3% and 5.4%, respectively. Besides, it is interesting to see that, the antenna proposed in [18] has a complex structure (including four layers: the radiating patches, the dielectric substrate, the air, and the ground plane), while ours is simpler thanks to removing the air layer. Moreover, the radiating patches and the ground plane are printed on both surfaces of a dielectric substrate, thus increasing the precision in the fabrication process.
Conclusions
In this paper, a low profile frequency reconfigurable PIFA antenna design with three PIN-diodes and using defected ground structure has been presented to cope with the frequency bands of WLAN, m-WiMAX, and UMTS. The DGS technique with sorting-trip is used to adjust downward frequency without increasing the thickness of the antenna. The GA algorithm is used simultaneously on all possible configurations for the antenna parameters selection. The frequency bands of the proposed antenna are controlled by switching the states of three PIN-diodes. Depending on operating configurations, the proposed antenna operates at 2.4 GHz, 3.5 GHz, and 2.1 GHz with gains of 3.55 dBi, 4.33 dBi, and 0.48 dBi, respectively. The efficiencies for the 1 st , 2 nd , and 3 rd configurations are 98.3%, 96.3%, and 57%, respectively. The measurement results are matched with the simulation ones, while the design can be seen to be compact, low profile, lightweight, simple structure and easy to fabricate.
